We showed previously that caffeine adversely affects longitudinal bone growth and disrupts the histomorphometry of the growth plate during the pubertal growth spurt. However, little attention has been paid to the direct effects of caffeine on chondrocytes. Here, we investigated the direct effects of caffeine on chondrocytes of the growth plate in vivo and in vitro using a rapidly growing young rat model, and determined whether they were related to the adenosine receptor signaling pathway. A total of 15 male rats (21 days old) were divided randomly into three groups: a control group and two groups fed caffeine via gavage with 120 and 180 mg kg À1 day À1 for 4 weeks. After sacrifice, the tibia processed for the analysis of the long bone growth and proliferation of chondrocytes using tetracycline and BrdU incorporation, respectively. Caffeine-fed animals showed decreases in matrix mineralization and proliferation rate of growth plate chondrocytes compared with the control. To evaluate whether caffeine directly affects chondrocyte proliferation and chondrogenic differentiation, primary rat chondrocytes were isolated from the growth plates and cultured in either the presence or absence of caffeine at concentrations of 0.1-1 mM, followed by determination of the cellular proliferation or expression profiles of cellular differentiation markers. Caffeine caused significant decreases in extracellular matrix production, mineralization, and alkaline phosphatase activity, accompanied with decreases in gene expression of the cartilage-specific matrix proteins such as aggrecan, type II collagen and type X. Our results clearly demonstrate that caffeine is capable of interfering with cartilage induction by directly inhibiting the synthetic activity and orderly expression of marker genes relevant to chondrocyte maturation. In addition, we found that the adenosine type 1 receptor signaling pathway may be partly involved in the detrimental effects of caffeine on chondrogenic differentiation, specifically matrix production and mineralization, as evidenced by attenuation of the inhibitory effects of caffeine by blockade of this receptor. Thus, our study provides novel information on the integration of caffeine and adenosine receptor signaling during chondrocyte maturation, extending our understanding of the effect of caffeine at a cellular level on chondrocytes of the growth plate.
Introduction
Caffeine has been widely consumed as a constituent of coffee and tea for many centuries. More recently, the popularity of energy drinks has resulted in an additional important source of caffeine, in particular in adolescents, and probably causes problems with increased caffeine intoxication (Reissig et al. 2009; Seifert et al. 2011) . In vivo animal studies have demonstrated deleterious effects of caffeine on the bones of rapidly growing animals (Huang et al. 2002; Liu et al. 2011) , and several human and animal studies have shown differences between growing and mature bone in susceptibility to caffeine (Yeh & Aloia, 1986; Lloyd et al. 1998) . We have also demonstrated that peripubertal exposure to caffeine clearly reduced the in vivo metabolic activity of the epiphyseal growth plate and markedly delayed the closing rate of the growth plate in young, rapidly growing animals (Shin et al. 2015) . These negative influences of caffeine on the growth plate were observed in a dosedependent manner even after short-term exposure (Choi et al. 2016) . The basis of the bone catabolic effect of caffeine is not clear, but caffeine can impair skeletal growth during the pubertal growth spurt as much as during development of the fetus.
Although detrimental effects of caffeine on bone tissue have been widely demonstrated, most studies have been concerned primarily with its impact on calcium balance and osteoblast cell activity (Tassinari et al. 1991; Tsuang et al. 2006; Rapuri et al. 2007; Lu et al. 2008) . For example, rats continuously exposed to caffeine from before birth to young adulthood exhibited impaired osteoblast activity and reduced thickness of their leg bones (Sasahara et al. 1994) . Similarly, in vitro studies have revealed deleterious effects on osteoblast differentiation and viability (Wink et al. 1996; Tsuang et al. 2006) . Although coordinated osteoblast activity and mineralization contribute to successful bone elongation, chondrogenesis is the basis of linear bone growth; it takes place before the action of osteoblasts, which requires chondrocyte differentiation in growth cartilage (Kember, 1978; Hunziker & Schenk, 1989) . Thus, none of these negative effects of caffeine on the growth of long bones may be explained solely by impairment of osteoblast activity and increased mineral loss.
Here we investigated the direct toxicity of caffeine on growth-plate chondrocytes using in vivo and in vitro experimental models. To assess the correlation between the in vivo and in vitro effects, we examined the effect of caffeine on growth-plate chondrocytes in vivo and also the toxicity of caffeine for chondrocyte differentiation in primary chondrocytes retrieved from rapidly growing animals. In addition, it is generally accepted that caffeine interacts primarily with adenosine receptors, although it has a wide range of molecular targets in diverse tissues (Ribeiro & Sebastiao, 2010) . Hence we investigated whether adenosine receptors are involved in any observed biological effects of caffeine on chondrocytes.
Materials and methods

Reagents
Unless otherwise indicated, reagents were purchased from Sigma (St. Louis, MO, USA).
Animals and treatment
Two-week-old male Sprague-Dawley rats (n = 15) were obtained from Samtako Biokorea (Kyunggi, South Korea) and allowed to acclimate until 21 days of age before being used in experiments. Individual animals were housed in separate plastic cages under controlled conditions (22-24°C, humidity 40-50%, 12 h light-dark cycle), with free access to food and water. Animal care was consistent with institutional guidelines, and the Hanyang University ACUC committee approved all procedures involving animals (HY-IACUC-2013-0110A). Rats were assigned to groups according to bodyweight on the day before the start of treatment, in order to eliminate variation in mean bodyweight among the groups. The rats were 22 days of age and weighed approximately 50 AE 2 g on the first day of the experiment. Caffeine (C0750) was dissolved in distilled water (10 mL kg
À1
) at concentrations calculated to deliver either 120 or 180 mg kg À1 bodyweight day À1 (designated as CF1 and CF2, n = 5 rats/group). The doses (120-or 180-mg) levels were previously shown to inhibit the growth of long bones in immature male rats (Shin et al. 2015; Choi et al. 2016) . Although shortening and lightening of long bones were also observed at 60 mg kg
bodyweight day À1 of caffeine, significance was consistently attained in all long bones measured at the 120-mg dose of caffeine (Choi et al. 2016) . Therefore, dose levels were chosen based on the literature and our previous studies to avoid sub-lethal effects at the top dose level, which can certainly interfere with longitudinal growth. Animals were fed the caffeine solutions via gavage once daily in the morning (09.00-11.00 h) to ensure complete consumption of the dose; a control group (n = 5) received the same volume of distilled water. Treatment duration of 4 weeks was selected to cover the period of rapid skeletal growth in puberty (from 22 to 55 days of age; Hansson et al. 1972) . All animals were intraperitoneally injected with tetracycline hydrochloride (T7660) 20 mg kg À1 bodyweight and the thymidine analog 5-bromo-2 0 -deoxyuridine (BrdU, B5002) 100 mg kg À1 bodyweight for 72 and 24 h, respectively, before being killed. Tetracycline is a fluorescent label that binds specifically to matrix actively mineralizing at the time of application and has been used in the rat model to measure growth in length of the long bones (Hansson et al. 1972) . All animals were killed 24 h after the last dose of caffeine; tibias were dissected and fixed in 10% buffered formalin (pH 7). Given the fact that the deleterious effect of caffeine was more pronounced on the length of the tibia than the femur during the pubertal growth spurt (Shin et al. 2015; Choi et al. 2016) , we chose the tibia for further evaluation.
Determination of longitudinal bone growth
Longitudinal bone growth was evaluated in undecalcified bone. Right tibiae dissected from each animal were fixed in 10% buffered formalin (pH 7) for 48 h and dehydrated by immersion in 30% sucrose solution for 1 day. Dehydrated bone was cryopreserved and sectioned longitudinally at a thickness of 40 lm in a microtome (Leica Microsystems, Bensheim, Germany). Sections were mounted on gelatinized glass slides and examined by fluorescence microscopy (DMI4000B, Leica). Measurements were made from the epiphyseal end line of the growth plate to the fluorescent line in the metaphysis corresponding to the injections of tetracycline (Hansson et al. 1972) . At least three measurements were made at different locations in each section; six sections per tibia were examined (18 measurements in total) and the averages obtained.
Bromodeoxyuridine incorporation assay in vivo and in vitro
For in vivo analysis, left tibiae dissected from each animal were prepared as previously described (Shin et al. 2015) . Briefly, after decalcification and embedding in paraffin, serial longitudinal sections (8 lm thickness) were obtained from the proximal part of the tibia. Dehydrated tissue slides were pretreated with 2 N HCl at 37°C for 30 min and washed twice with 0.2% Triton X in phosphate-buffered saline (pH 7.4). Sections were incubated with 1% normal goat serum/PBS for 1 h at room temperature, and incubated with antiBrdU antibody (Sigma, B2531) diluted 1 : 500 in 1% normal goat serum at 4°C overnight. Slides were then washed with PBS and incubated with 1 : 200 goat anti-mouse Alexa Fluor 488â IgG (Life technologies) for 1 h at 37°C. They were washed again with buffer before counterstaining nuclear DNA with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc., Burlingame, CA, USA). We randomly selected four to eight magnified fields (9200) and counted the number of BrdU-positive cells per field under a fluorescence microscopy (Leica, Heidelberg, Germany). The proliferation rate (%) was determined from the number of BrdUpositive cells among the total number of cells per field. At least three sections per tibia were evaluated and averages obtained.
For in vitro analysis, primary rat chondrocytes were isolated from the growth plate of 17-day-old male rats following a protocol similar to that previously described (Thirion & Berenbaum, 2004) . In detail, the growth plates of distal femurs and proximal tibiae were surgically excised and washed with PBS (pH 7.4), 70% ethanol and PBS in order. They were then cut into slices and washed with PBS twice. Sliced tissues were finely minced using a scalpel in culture media containing 1% Pronase (Roche Applied Science, Indianapolis, IN, USA), followed by shaking incubation for 2 h at 37°C. Then, they were washed with PBS and incubated for 10 min with 0.2% type II collagenase (Worthington Biochemical Corp., Lakewood, NJ, USA) in DMEM/F12 medium. The final digest was centrifuged at 200 g for 5 min and the cell pellet was washed three times in serum-free medium. Cell suspensions were passed through a cell strainer (100-lm pore; SPL 93100) and resuspended in DMEM/F12 containing 10% fetal bovine serum (FBS). Cells were plated onto 2 9 2 cm coverslips in 6-well plates and cultured in the absence or presence of caffeine at 0.1, 0.3, and 1 mM for 3 days. Cells were incubated with 3 lg mL À1 BrdU for 5 h, followed by fixation with methanol for 10 min at À20°C and a final step of three, washed. Then, dehydrated slides were stained similarly as the above tissue slides. For the cultured cells, experiments were repeated three times.
In addition, cultured primary chondrocytes were also evaluated for viability using trypan blue staining (Strober, 2001) . At the end of culture, the cell suspension was gently mixed with an equal volume of 0.4% trypan blue and the numbers of viable (unstained) and dead (stained) cells were counted using a hemocytometer. The data were expressed as the percentage of viable cells. All experiments were replicated at least three times to assure reproducibility.
Preparation and culture of primary chondrocytes
Rat primary chondrocytes were prepared as mentioned the above. Isolated cells were washed and resuspended in DMEM/F12 containing 10% FBS and plated at 1 9 10 6 cells per 100-mm dish for primary monolayer cultures. The phenotypic markers of primary chondrocytes are retained until the fourth passage (Thirion & Berenbaum, 2004) , and here we used cells after two passages. The cells were plated on 12-well plates in differentiation medium containing transferrin (10 lg mL
À1
), sodium selenite (3 9 10
bovine insulin (10 lg mL
), ascorbic acid (50 lg mL
), and sodium b-glycerophosphate (5 mM) and cultured for 14, 21 or 28 days in either the presence (0.1, 0.3, 1 mM) or absence of caffeine, with or without 100 nM adenosine receptor type 1 inhibitor (DPCPX) or 10 lM type 2a inhibitor (ZM241385). Culture medium was changed every 2 days. At the end of the experiments, cells were immediately analyzed for cytochemical staining and alkaline phosphatase activity or frozen for total RNA extraction.
Cytochemical staining
At the end of culture, cells were fixed with methanol or 4% paraformaldehyde for 20 min at 4°C, followed by Alcian blue or Alizarin red S staining. For Alcian blue staining, cells were stained overnight with 1% Alcian blue 8GS at room temperature, washed three times with 3% glacial acetic acid for 30 s, and images were captured. As per MacRae et al. (2010) , stained cells were dissolved in 10% glacial acetic acid for quantification of the absorbance at 650 nm. For Alizarin red S staining, cells were stained with 2% Alizarin red S at pH 4.2 for 20 min at room temperature. They were washed five times with distilled water and images were captured. Alizarin red-stained cultures were extracted with 10% cetylpyridium chloride for 10 min and the optical density of the digest was measured at 570 nm in an ELISA reader (BioRad, Hercules, CA, USA). All experiments were triplicated and repeated at least three times to assure reproducibility.
Estimation of alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was determined by a modification of the method of Bessey et al. (1946) . In brief, cells were lysed in protein lysis buffer [20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 19 protease inhibitor cocktail]. ALP activity was measured by incubating cell lysates with the substrate p-nitrophenyl phosphate in assay buffer with ALP Yellow Liquid Substrate at room temperature for 5-15 min. The reaction was terminated by the addition of NaOH and absorbance was measured at 405 nm. Values were normalized for protein concentration, which was determined according to the method of Bradford (1976) . The experiment was repeated three times and data are expressed as percent change relative to the control values measured with untreated cells.
Total RNA extraction and RT-PCR analysis
Total RNA was isolated using TRIzol (Invitrogen) coupled with DNase digestion with the RNase-Free DNase Set (Qiagen). Samples (1-2 lg) of total RNA were annealed (5 min at 70°C) to oligo(dT) 18 primers and reverse transcribed using a cDNA synthesis platinum master mix (GenDEPOT, Katy, TX) according to the manufacturer's instructions. The primers were designed for the mRNA sequences of Acan, Col2a1, Col10a1, Sox9, Runx2, Adora1, Adora2a, Adora2b, and Adora3 using PRIMER EXPRESS â software (Applied Biosystems, Foster City, CA, USA; Table 1 ). After an initial denaturation step at 95°C for 1 min in EmeraldAmp PCR master mix (Takara Bio., Inc., Shiga, Japan), 30-35 PCR cycles were run under the following conditions: 20 s at 95°C, 20 s at the primer-pair specific annealing temperature, and 20 s at 72°C. Reaction products were separated on 1.5% agarose gels followed by ethidium bromide staining and densitometry analysis. The gene GAPDH was amplified to normalize each reaction. The experiment was repeated at least three times and each reaction was repeated twice.
Statistical analysis
Data are expressed as means with standard deviations (SD) and all experiments were repeated at least three times unless otherwise indicated. All data were analyzed using SPSS version 10.0 for Windows (SPSS Inc., Chicago, IL, USA). Statistical significance was determined using Kruskal-Wallis one-way analysis of variance for multiple group comparisons and the Mann-Whitney U-test for twogroup comparisons. Significance was accepted at P < 0.05.
Results
Effect of caffeine on longitudinal bone growth and chondrocyte proliferation in vivo
To determine the cause of reduced growth in the long bones of caffeine-fed animals (Supporting Information Fig. S1 ), we compared the degree of mineralization and chondrocyte proliferation in the proximal tibial growth plates from control and caffeine-fed animals. A number of animal studies using BrdU or tetracycline for bone evaluation used similar number of animals, three to five animals per group (Liu et al. 2011; Yadav et al. 2014; Bradley et al. 2015) . Here we also used a similar number of animals (n = 5/group) because we already demonstrated that caffeine exposure caused shortening of long bones by using more than 15 animals per group in our previous reports (Shin et al. 2015; Choi et al. 2016) . A tetracycline labeling technique was used to assay any effect of caffeine on the bone apposition rate. The effects of caffeine on the growth rate of long bones are shown in Fig. 1A . Measurement of the distance between the label front and the lower end of the growth plate (where mineralization begins) provides an estimate of the growth rate. The increase rate in bone length was dose-dependently decreased by 18% in the CF1 group and by 27% in the CF2 relative to the control (P < 0.001 vs. control; CF1 vs. CF2, P < 0.001; Fig. 1A , right panel).
To determine the effect of caffeine on cellular proliferation, tibial sections were analyzed using BrdU, a marker for proliferating cells. BrdU-labeled chondrocytes in the growth plate tended to decrease in the caffeine-fed groups compared with control animals, although the difference was not significant (Fig. 1B) . The percentage of BrdU-positive cells (the DNA-labeling index) was 43.4 AE 2.1 and 48.4 AE 5.5% in the CF1 and CF2, respectively, and 57.3 AE 5.7% in the control (Fig. 1B, right  panel) .
Effect of caffeine on chondrocyte proliferation and viability in vitro
To evaluate the direct effect of caffeine on chondrocyte proliferation, cells were cultured in the presence (0.1, 0.3 and 1 mM) or absence of caffeine for 3 days, followed by determination of BrdU incorporation. As shown in Fig. 2A , B, the incorporation rate of BrdU significantly decreased in response to caffeine in a dose-related manner (control: 32 AE 1.7%, 0.1 mM: 24 AE 1.3%, 0.3 mM: 20 AE 3.3%, 1 mM: 12 AE 1.4%; P < 0.001 vs. control). In particular, the proliferation rate at the highest dose decreased to one-third of the control. To determine whether the decreased rate of proliferation was due to cell death, we measured cell viability using trypan blue exclusion. The percentage of viable cells was 90 AE 3.8% in the control and significantly decreased dose-dependently by 8, 18 and 27% in caffeine treated cells (0.1, 0.3 and 1 mM, respectively) relative to the control culture ( Fig. 2C; Supporting Information  Fig. S2 ). Effect of caffeine on ECM synthesis, matrix mineralization and alkaline phosphatase activity To evaluate whether caffeine directly affects chondrogenic differentiation, primary rat chondrocytes were cultured in differentiation medium to induce chondrogenic differentiation in either the presence or absence of caffeine at concentrations of 0.1-1 mM for periods of time up to 28 days, followed by determination of the expression profiles of cellular differentiation markers. Alcian blue was used to stain extracellular matrix production by the hypertrophic cells (Fig. 3A, upper panel) . Data are expressed as percentage changes relative to a 14-day control culture (Fig. 3A) . Matrix proteoglycan production was significantly decreased in a dose-related manner in the caffeine-treated cells regardless of culture duration (Fig. 3A) . In parallel, the effect of caffeine on mineralization was monitored using Alizarin red S to stain the light-impenetrable regions of the nodules, indicating mineralization of hypertrophic chondrocytes (Fig. 3B,  upper panel) . Similar to the evaluation of Alcian blue staining, data are expressed as percentage changes relative to a 14-day control culture. Caffeine-treated cells decreased mineralization relative to the control, and significant inhibition was observed at 0.3 and 1 mM caffeine, particularly in the 28-day culture (Fig. 3B) . We also measured the enzymatic activity of ALP, which can be used as a marker of hypertrophic chondrocytes (Roach, 1999) . Data are expressed as percentage changes relative to a 14-day control culture (Fig. 3C) . ALP activity in untreated cells rapidly increased from day 21 onwards, such that on days 21 and 28, ALP activity was nearly 5-fold higher than in 14-day control cultures. Although progressive increases in ALP activity were also noted in the caffeine-treated cells, the increment was profoundly attenuated compared with the effect in untreated cells. Overall, treatment with caffeine markedly reduced ALP activity in culture in a dose-related manner, specifically at 21 and 28 days.
Effect of caffeine on genes expression of chondrogenic marker
RT-PCR assay was used to examine gene expression of the cartilage-specific matrix proteins aggrecan (Acan), type II collagen (Col2a1) and type X (Col10a1) in cells cultured in (BrdU)-labeled chondrocytes in growth plates of the proximal tibiae (9200; left panel). Control, CF1 and CF2 in order from the left. Relatively sparse and misaligned columns of the chondrocytes were noted in caffeine-fed animals. Cells were stained with BrdU antibody to visualize BrdUlabeled chondrocytes (pink/lighter) and counterstained with DAPI to confirm nuclear status (blue/darker). The DNA labeling index was determined by scoring the number of BrdU-positive nuclei per total nuclei and presented as mean AE SD of five rats/group (right panel). CF1, caffeine 120 mg kg À1 bodyweight day
À1
; CF2, caffeine 180 mg kg À1 bodyweight day À1 . *P < 0.05 vs. control; † P < 0.05, CF1 vs. CF2.
the presence or absence of caffeine. Expressions of Acan, Col2a1, and Col10a1 were induced in the course of chondrocyte differentiation for 14 days (Fig. 4) . Caffeine treatment significantly suppressed the expression of all three genes at 0.3 and 1 mM (Fig. 4A, lower panel) . The genes Sox9 and Runx2, which are essential for inducing chondrocyte differentiation (Hartmann, 2009; Yao & Wang, 2013) , were also analyzed. Rat chondrocytes cultured for 7 days in differentiation medium were exposed to 1 mM caffeine for 1 h or 3 h, followed by determination of expression levels of Sox9 and Runx2. RT-PCR analysis showed no significant differences in expression of Sox9 and Runx2 in the untreated cells (Fig. 4B) , whereas caffeine treatment significantly decreased expression of Runx2 at 3 h (P < 0.05 vs. CT; Fig. 4B , lower panel).
Expression of adenosine receptor subtype mRNA
Before we analyzed whether caffeine has an effect on expression of adenosine receptor genes, we screened for the presence of transcripts for the four adenosine receptors mRNA in rat chondrocytes treated with caffeine for 14 days (Fig. 4C) . Expression of Adora1, Adora2a and Adora2b mRNA was detected in both undifferentiated and differentiated rat chondrocytes, but expression of Adora3 was not clearly observed (Fig. 4C, upper panel) . The expression of Adora2b was higher than other isoforms regardless of differentiation or caffeine treatment. Expression of Adora1 and Adora2a in the differentiated cells increased by 1.2-and 1.7-fold relative to undifferentiated cells, although there was no a significant difference (Fig. 2C, lower panel) . Caffeine treatment significantly increased expression of Adora1 and Adora2a by 1.9-and 1.3-fold, respectively, relative to untreated cells (P < 0.05 vs. CT) but did not alter expression of Adora2b or Adora3 mRNA.
Type I adenosine receptor blockade partly attenuates the caffeine-mediated inhibitory effect on ECM synthesis and matrix mineralization
Given the changes in Adora1 and Adora2a expression induced by caffeine treatment, the possible involvement of both receptor isoforms was evaluated. Primary chondrocytes cultured for 28 days were exposed to caffeine in either the presence or absence of Adora1 and Adora2a antagonists, followed by determination of differentiation markers using Alcian blue and Alizarin red S staining, and ALP activity (Fig. 5A-C) . The decreases in matrix proteoglycan synthesis and mineralization following caffeine exposure were significantly attenuated by simultaneous addition of the Adora1 antagonist DPCPX at 0.1 and 0.3 mM caffeine, but suppression was not prevented at 1 mM caffeine (Fig. 5A,B) . However, the reduction in ALP activity following caffeine exposure was not attenuated by the DPCPX (Fig. 5C ). Caffeine-induced inhibitory effects on the ALP activity may have a different signaling pathway from those on the matrix synthesis or mineralization. On the other hand, the Adora2a antagonist ZM241385 hardly affected the caffeine-induced effects and even itself appeared to have slight inhibitory effects on mineralization and ALP activity (Fig. 5B,C) . We then evaluated whether the Adora1 and Adora2a antagonists could influence the caffeinemediated effect on gene expression of differentiation marker and found that the caffeine-induced effect on Acan, Col2a1 and Col10a1 expression was significantly attenuated by the simultaneous addition of DPCPX, whereas addition of ZM241385 rescued only some expression of Col10a1 (Fig. 5D ).
Discussion
The regulation of chondrocyte proliferation and differentiation must be tightly coordinated to allow formation of properly sized cartilage and bone (Kronenberg, 2003) . Our in vivo and in vitro results show that caffeine has a direct inhibitory effect on the proliferation of growth-plate chondrocytes, similar to the negative effect on osteoblast proliferation (Kamagata-Kiyoura et al. 1999) . Several studies have demonstrated an inhibitory effect of caffeine on the viability of osteoblasts in vitro (Tassinari et al. 1991; Barone et al. 1993; Tsuang et al. 2006; Lu et al. 2008 ), and we also observed a similar effect on the viability of chondrocytes. Our results indicate that the decreased cellularity of the proliferative zone previously observed in caffeine-fed animals (Shin et al. 2015; Choi et al. 2016 ) is attributable to direct inhibition of cell proliferation and viability by caffeine.
Accompanied by differentiation, chondrocytes cease proliferation and then markedly increase the secretion of cartilage-specific matrix proteins (Kosher et al. 1986; Castagnola et al. 1988; Kronenberg, 2003) . To evaluate the direct effect of caffeine on chondrocytes, here we chose 1 mM as the maximum caffeine dose to avoid any possibility of inducing apoptosis on the basis of previous reports in osteoblasts (Tassinari et al. 1991; Tsuang et al. 2006; Lu et al. 2008 ). Subsequently, doses of 0.1 and 0.3 mM were chosen to assess the dose-related effect of caffeine. These doses are approximately equivalent to that of a daily cup of coffee or energy drink containing 150~300 mg caffeine. Thus, the caffeine concentrations used in this study are appropriate for elucidating the effect of caffeine exposure on chondrocytes. As shown in Fig. 3A , caffeine treatment reduced matrix synthesis, which is identical to the effect of prenatal caffeine exposure on fetal growth plates (Tan et al. 2012) . Considering that cartilage matrix appears to play a subordinate role in rapidly elongating the columnar units in the growth plate (Hunziker & Schenk, 1989) , impairment of the differentiation or synthetic activity of chondrocytes may be related to the small irregularly aligned chondrocytes observed in caffeine-fed immature animals (Shin et al. 2015; Choi et al. 2016) . In parallel with reduced matrix proteins, reduced ALP activity following caffeine treatment (Fig. 3C ) is in accordance with an in vivo animal study using demineralized bone particles, which showed caffeine inhibition of ALP activity (Barone et al. 1993) . These changes may be linked to the inhibition of mineralization, since a marked elevation of ALP activity accompanies mineralization (Castagnola et al. 1988; Shukunami et al. 1997; Kronenberg, 2003) . Indeed, cartilage matrix calcification was significantly reduced in the caffeine-fed animals as well as in caffeine-treated cells (Figs 1A and 3B) . It can be assumed that caffeine may be involved in lowering mineral concentrations in plasma and bone, which in turn might lead to reduced mineralization. However, the negative impact of caffeine on calcium balance was more evident in elderly people and animals, but not in young adolescents (Yeh & Aloia, 1986; Lloyd et al. 1998) . Moreover, the reduced mineralization in in vitro caffeine-treated cells excludes the involvement of serum minerals. Thus, decreased mineralization following caffeine exposure may not be related to serum mineral content.
As differentiation proceeds, expressions of various marker genes are dramatically increased, for example levels of aggrecan, collagen type II and type X (Kosher et al. 1986; Shukunami et al. 1997; Yao & Wang, 2013) . It has been reported that maternal caffeine exposure reduced expression of chondrogenesis-specific genes in fetal growth plates (Tan et al. 2012) . Consistent with these observations, we found that caffeine suppressed expression of these genes in cultured primary chondrocytes (Fig. 4A) . Thus, caffeine can affect not only a marker of fully differentiated chondrocytes (Col10a1; Yao & Wang, 2013) but also markers of early stage of differentiation (Col2a1, Acan; Kosher et al. 1986; Shukunami et al. 1997) , suggesting that caffeine inhibits both hypertrophic differentiation and terminal differentiation of chondrocytes.
Transcription factors are known to play a critical role in controlling the differentiation of progenitor cells to chondrocytes or osteoblasts; in particular, Sox9 and Runx2 are essential for chondrogenic differentiation (Hartmann, 2009; Yao & Wang, 2013) . For example, Sox9 expression needs to be increased at the initial induction of chondrocyte differentiation from progenitor cells (Kronenberg, 2003) and to maintain the chondrocytes in a proliferative stage (Hartmann, 2009 ). Also, Runx2 has a role in chondrocyte maturation (Hartmann, 2009) . Thus, for hypertrophic differentiation to occur, Runx2 must be up-regulated and Sox9 suppressed. In our study, caffeine treatment suppressed Runx2 expression but failed to suppress Sox9 expression (Fig. 4B) , suggesting a disturbance in insulininduced differentiation of primary chondrocytes. Overall, caffeine appears to maintain the chondrocyte phenotype in a less differentiated state and inhibits the maturation process, which is analogous to the delayed closing rate of the growth plate observed in caffeine-fed immature animals (Shin et al. 2015; Choi et al. 2016) . No previous study has reported this phenomenon, although caffeine delayed long bone growth in young rapidly growing animals. Here, we present for the first time direct evidence that caffeine inhibits chondrocyte differentiation and decreases expression of phenotypic marker genes. It is generally accepted that caffeine will primarily interact with adenosine receptors among a wide range of molecular targets (Fredholm et al. 1999; Ribeiro & Sebastiao, 2010; M€ uller & Jacobson, 2011) . However, there is little information on expression of adenosine receptors and their role in chondrogenesis relative to osteoblastogenesis. Published reports indicate the importance of the adenosine receptors on osteoblasts and osteoblast precursor cells (Costa et al. 2011; Gharibi et al. 2011; Mediero & Cronstein, 2013) ; thus, the effect of caffeine on chondrocytes may also take place through interaction with adenosine receptors. Primary chondrocytes isolated from the rat growth plate expressed Adora1, Adora2a and Adora2b subtypes (Adora2b ≫ Adora2a % Adora1), but not Adora3, similar to those of a murine chondrocyte cell line (Mistry et al. 2006) . The detrimental effects of caffeine on synthesis of cartilage-specific matrix proteins and on expression of chondrogenic-specific genes Acan and Col2a1 in primary chondrocytes were partly attenuated by an Adora1 inhibitor (Fig. 5) , suggesting the role of Adora1 receptor signaling in regulation of early and late stage chondrocyte differentiation. Similarly, the Adora1 receptor is a preferential target for caffeine in the brain (Fredholm et al. 1999 ). On the other hand, Adora2a is an important target for caffeine in osteoblasts (Costa et al. 2011; Gharibi et al. 2011; Mediero & Cronstein, 2013) . Thus, responsiveness to caffeine seems to differ depending on cell type, even within the same tissue. Taken together, these findings indicate that it is quite likely that adenosine receptor modulation by caffeine directly or indirectly affects the process of chondrocyte differentiation in the growth plate in vivo, and that the Adora1 receptor signaling pathway is partly involved in the detrimental effects of caffeine on chondrogenic differentiation.
In summary, caffeine may act directly on the growth plate and result in dose-related inhibition of cartilage induction by suppressing synthetic activity and the orderly expression of marker genes relevant to maturation of the chondrocytes. Although there are multiple potential mechanisms by which caffeine could suppress cell maturation, our results suggest the involvement of the Adora1 receptor signaling pathway as a target for these events. Thus, the experiments in the present study provide novel information on the integration of caffeine and adenosine receptor signaling during chondrocyte maturation, which extends our understanding of the effect of caffeine at a cellular level on growth-plate chondrocytes.
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